We recently developed a method to measure fracture initiation toughness using a double-notched beam in four-point bending. This method was used to test the hypothesis that the mineralization around the two notch roots is correlated with fracture initiation toughness and damage at the notch roots. Fracture initiation toughness was measured for equine cortical bone beams. The mineralization at the broken notch root was shown to have a significant correlation with the fracture toughness, pre-yield energy and structural compliance. In an unexpected finding the crack length at the unbroken notch was significantly correlated with the mineralization at the broken notch root and the preyield energy. Overall it was clearly shown that the mineralization at the broken notch root significantly affects fracture initiation toughness and the damage process at both the broken and remote unbroken notch.
BACKGROUND
The microstructural influences on the failure process in bone have long been sought. Despite a long history of investigation, there remain significant questions about the exact relationships between bone mineralization, bone damage and bone toughness. We designed the current study to determine more accurately how bone mineral distribution affects fracture toughness, microdamage initiation and damage progression. Based on a double notch four point bending specimen that we recently developed, quantitative backscatter electron microscopy was used to measure notch root density and microcrack lengths for the broken and unbroken notches of equine cortical bone specimens. The goal was to determine how mineralization and the interaction of multiple flaws in bone determined where microdamage develops in the tissue.
METHODS
Twelve cortical bone beams (~2 x 2 x 22 mm) were cut from the diaphysis of the third metacarpal (cannon) bone of three female, Thoroughbred racehorse (2, 4, and 6 years old) cadavers. The bones were kept frozen prior to and between machining and testing, and kept moist with water during cutting.
Notches were cut using a 150 µm thick diamond-coated dental cutting disk to an a/W (ratio of notch depth to beam width) as close to 0.3 as possible and measured using a caliper. Notches were on the endosteal side of the beams so that fracture propagated in the transverse plane from an endosteal to periosteal direction.
Fracture initiation toughness was measured using a new method we developed for the DN4PB beam (Submitted to the ORS). Platforms from a Dynamic Mechanical Analyzer (DMA) 7 (PerkinElmer Life And Analytical Sciences, Inc., Norwalk, CT), with spans of 15 mm and 5 mm were used as outer and inner supports in four-point bending. Beams were submerged in a 37C temperature controlled bath of Hanks' Balanced Salt Solution (HBSS) during testing on an ELF 3200 series mechanical testing system (EnduraTEC Inc., Minnetonka, MN). The mineralization in each double-notched specimen (Weighted Mean Atomic Number = WMAN) was measured using quantitative backscattered scanning electron microscopy (qBSE) at 18X. Each image was a density map that was converted to a mean atomic number map by calibrating it against the atomic numbers of a standard of known materials. The nine materials used for calibration were: aluminum (Z = 13), sodium chloride (Z = 14.64), aluminum nitride (Z = 10.95), calcium carbonate (Z = 12.57), magnesium oxide (Z = 10.41) and silicon dioxide (Z = 10.80). Crack length and mineral density (Fig. 1) were measured using ImageJ.
RESULTS
Fracture initiation toughness was predicted by mineralization at the broken notch root as: Kc (MPa*m 1/2 ) = 0.793 Zbroken (WMAN) -4.619, r 2 =0.42, p=0.023. Crack length at the unbroken notch (e.g., the left notch in Figure 1 ) was negatively correlated to mineralization at the broken notch (Fig. 2) . A multivariate linear regression found that 79% of the variability in the crack length at the unbroken notch was predicted by the average mineralization at the broken notch root and the pre-yield energy. Other significant relationships between mineralization at the broken notch root and mechanical properties included the energy absorbed by the beam to yield load (r 2 =0.40, p=0.03) and the compliance of the beam (r 2 =0.35, p=0.045). 
DISCUSSION
Crack length at the unbroken notch was negatively related to mineralization at the broken notch. As a consequence, greater mineralization at the broken notch root shifts damage from the unbroken notch into the broken notch. Pre-yield energy had a positive contribution to crack length at the unbroken notch. Thus, greater energy supplied to the broken notch root produced more damage and a longer crack length at both notches.
A model was developed to explore the relationship between damage accumulations at the two notches (not shown). The model illustrated numerically how the damage process is coupled between the notches: As one notch damages (becomes more compliant) damage production decreases at the other notch. Damage at the unbroken notch was greatest when the two notches were balanced in their properties.
CONCLUSION
Four main relationships were determined. The first was that the crack length of the unbroken notch was significantly correlated, using a multiple linear regression, to the pre-yield energy and the mineralization of the broken notch root. The other relationships were that the mineralization at the broken notch root significantly predicted fracture initiation toughness, pre-yield energy and structural compliance. Analysis of the model showed how damage accumulation shifted between notches as the whole beam was destructively loading. The shifting of damage accumulation between flaws may be crucial to understanding how bones resist fracture in vivo. 
